Ionization chambers in which almost all of the energy released in electromagnetic showers is absorbed in liquid argon are considered. Electronic noise is determined as a function of the electrode configuration. It is shown that in a multiple-plate ionization chamber the optimum interelectrode gap is determined as one third of the product of the electron drift velocity and the event resolving time. The lower limit for electronic noise is determined only by the chamber volume, electron drift velocity, event resolving time and the unity-gain frequency of the field-effect transistor. This limit is approximately the same for ionization chambers with one or more large gaps where the electron drift time is much longer than the event resolving time.
Introduction
Liquid argon ionization chambers as total-absorption detectors have been introduced previously.1 These detectors have been used so far in the sampling mode. The detector is made as a multiple-plate ionization chamber, where the electromagnetic shower develops mostly in the electrodes made of a high density material (lead, for example), and the energy loss is "sampled" in the sensitive medium -liquid argon, by measuring the charge produced by ionization. The energy resolution of such detectors is limited by the sampling fluctuations. These detectors have been used extensively at the CERN intersecting storage ring.2 There is also interest in higher resolution electron and photon detectors for an energy range of 0.1 to 2 GeV. In order to increase the resolution the sampling fluctuations can be reduced by reducing the energy loss in the electrodes until essentially all of the shower development and energy loss takes place in liquid argon. Some advantages of such a detector over scintillation detectors are:
(1) Ionization chambers can be finely sub- divided providing good position resolution along the particle track and normal to it. This gives information about the particle position and about the shower development.
(2) Large detectors of arbitrary shape can be constructed.
(3) The sensitivity is uniform over the whole detector volume.
(4) Simple high-accuracy charge-sensitivity calibration is possible.
One of the principal limitations in the energy resolution is the electronic noise due to the large size (capacitance) of such ionization chambers.
In this paper the relations between the detector and amplifier parameters and the electronic noise are derived. Some optimum conditions are determined.
We first consider multi-plate ionization chambers in which the electron drift time across the interelectrode gap is shorter than the event resolving time.
Next, we consider chambers with one or more large gaps in which the electron drift time is larger than the event resolving time. We find in this analysis that the event resolving time, i.e., the event rate plays a critical role in the ionization chamber design. Not unexpectedly, proper signal filtering is essential to achieve the required event resolving time and the lowest noise. In all cases discussed here we assume that the ionization chamber capacitance is matched to the amplifier capacitance -regardless of the method used to achieve this -as an independent condition for minimum noise.
Multiple-Plate Ionization Chambers
The most interesting practical case is that of a chamber with many parallel planes. In such a chamber the position information can be obtained by subdividing the electrodes into strips. The chamber can also be subdivided along the axis orthogonal to the electrodes, and the amount of charge can be measured in each gap or a group of gaps. Thus the position of particle incidence and the shower development along the particle track can be determined. The minimum size of such a chamber, or a subsection of such a detector in which particle energy can be measured, is determined as the volume required to contain the electromagnetic shower. Considering the whole chamber as one unit, there is only one essential parameter that determines the energy resolution and that is the interelectrode gap. The gap determines the chamber capacitance and the electrode drift time, both of which determine the signal-to-noise ratio. In liquid argon, only electrons contribute to the signal since the mobility of positive ions is several orders of magnitude lower than the mobility of electrons. In such a "single carrier device" the charge is weighted with a ramp function across the gap. For charged particles traversing the gap, the average weifhting of the charge produced by ionization is one-half. l However, for shower products stopping in the gap, or those parallel to the electrodes, the variable weighting may produce significant fluctuations in the total charge measured if the gaps are not sufficiently small. This important effect will not be discussed further in this paper.3
We determine here the effect of the interelectrode gap on the signal-to-noise ratio. It will become obvious that there is an important measurement parameter, which affects the choice of the interelectrode gap. This is the resolving time, defined here as the width of response of the filter-amplifier to the signal from the ionization chamber. The resolving time is determined from the expected event rates, taking into account the gross features of the energy spectrum and the pileup effects allowed in the experiment.
Referring to Fig. 1 
X is the width of the impulse response (i.e., the weighting function*), and it a measure of the "integration time" and of the inverse of the system bandwidth.
The equivalent noise charge for the case of the "sawtooth" signal, Eq. (3) ; m 3
This "sawtooth" waveform is shown in Fig. 2 Equation (5) Fig. 4 . One of the weighting functions used in practice, e.g., bipolar semigaussian function, is closer to an optimum function in the range td/Xm > a 0.1 than the triangular function.
Ionization Chambers With One Large Gap
We consider here ionization chambers with several large interelectrode gaps or, in the limit, one gap containing the whole active volume. In such ionization chambers the electron drift time is much larger than the event resolving time. This means that the motion of charge over only a short distance results in a signal, which is a measure of the total charge produced by ionization. This case is illustrated in Fig. 6 . An amount of charge Ne is produced by an ionizing particle or by an electromagnetic shower. For parallel plate geometry the initial value of the induced current is independent of the spatial distribution of charge. We consider the electron component only for which the current is given by
weighting function w(t) produces an output amplitude corresponding to the charge, 
The resulting filter output is unipolar (because the signal current is a step function). To obtain a bipolar output, a three-lobe weighting function of the type shown in Fig. 6(c) 
The available charge induced by carriers of one polarity is Ne/2 (if we imagine a single particle track across the entire gap). This would be the output of the filter if the electron drift time were zero.(i.e., much smaller than X). It is with respect to this amount that the equivalent noise charge ("the signal that produces the same output as the noise") should be defined. The filter attenuation is then, for the two-lobe w(t) in 
This current remains constant, (provided there is no electron attachment to impurities in the liquid) until some of the electrons reach the electrode. As the electrons are collected, the current decreases to zero as shown in Fig. 6(b) .
The induced current in the form of a step function acting upon the amplifier-filter with an overall This integral characterizes the weighting function completely as far as the field-effect transistor (series) noise is concerned. The two-lobe weighting function gives lower noise but it produces a unipolar output. A bipolar output is preferable for total absorption detectors as discussed in the preceding section. The three-lobe function results in approximately the same amount of noise as for the multi-plate ionization chamber with optimized small gaps, Eq. (7). The functional dependence of noise on the chamber and amplifier parameters is the same for both types of chambers. Thus in both cases the noise is determined by the active volume of the ionization chamber. In the case of chambers with large gaps, the noise is independent of the gap provided that the resolving time is much shorter than the electron drift time across the gap. This is because, as the gap is increased, the decrease in the chamber capacitance and in the resulting equivalent noise charge is offset by an equal decrease in the signal charge, Eqs. (11) and (12).
The weighting functions used here for simplicity of calculation are based on optimum functions for an impulse signal. It can be shown that the optimum weighting functions for the step function signal, as is the case here, have parabolic instead of triangular lobes. The noise with these functions is, however, only about 15 per cent lower. Semigaussian filters, usually used in practice, approximate these optimum functions quite well.
It is important to note that functions with steep edges result in a higher noise, according to Eqs. (14) and (15). For example, this would be the case of delay line clipping without sufficient integration.
In ionization chambers with a long drift time (and short resolving time) the signal is associated with the beginning of the motion of the charge. Thus there is also an output at the end of the motion (where the electrons reach the electrode). The shape and amplitude of this "afterpulse" depends on the spatial distribution of charge. Such an output is indicated in Fig. 6(b) . The afterpulse is smaller with a threelobe weighting function than with the two-lobe function.
A note should be made about the use of a grid in ionization chambers with large gaps. If X/tD << 1, the grid would increase the capacitance of the readout electrode and the noise would be higher. But if X/tD > 1, a grid becomes essential to avoid the dependence of the signal on the initial position of the charge.
Discussion
For both types of ionization chambers considered, the electronic noise is determined by the active volume of the chamber. We now calculate the noise for an example of a total absorption (non-sampling) detector.
We determine the minimum volume of the detector (or of a section of a detector) by the requirement that it should contain an electromagnetic shower. We assume in this example a cylinder with a radius of 1 radiation length and a length of 15 radiation lengths (these requirements depend on the particle energy range and on the leakage of the shower energy allowed out of the detector). One radiation length in liquid argon is In this paper we have considered ionization chambers with uniform electric field (planar electrode geometry). The electrodes can be realized, of course, as plates or as planes of wires. If the wires are closely spaced, the two are equivalent and the choice is a question of simpler construction. If the wire spacing is increased (with intent to reduce the capacitance) regions of nonuniform field will be created. This may result in incomplete charge collection, since it will be difficult to achieve high enough electric field in the low field regions to reach the plateau in charge collection.
Questions have been raised about the best electrode connections (parallel or series) for multi-plate ionization chambers with regard to detector-amplifier capacitance matching. There are three basic methods for detector-amplifier capacitance matching: series-parallel combinations of electrodes, transformer matching, and connection of a number of FET's in parallel. It can be shown that any one of these methods, or any combination of any two or of all three gives the same electronic noise if the capacitance of the detector is matched to that of the amplif ier. 
